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a b s t r a c t

The scavenger receptors (SRs) comprise structurally and functionally divergent groups of cell surface
and secreted proteins that play an important role in innate immune defenses. Searching translated
chicken genomic databases revealed many proteins homologous to mammalian SRs. SR mediated immune
functions (oxidative burst, degranulation, phagocytosis, nitric oxide (NO) production, and cytokine
expression) were evaluated in chicken heterophils, peripheral blood mononuclear cells (PBMC), and a
chicken macrophage cell line (HD11) using various SR class A and B ligands. Results showed that the
SR-A ligands, fucoidan, poly(I) and poly(G), but not SR-B ligands, phosphatidylserine and LDL, stimu-
itric oxide
xidative burst

nnate immune response
eterophil
acrophage

hicken

lated dose-dependent NO production in HD11 cells. However, SR-A ligands failed to induce NO in chicken
monocytes. Quantitative RT-PCR indicated that SR ligands differentially regulated the gene expression
of cytokines and chemokine in HD11 cells with a strong up-regulation of the cytokines IL-1� and IL-6
and the chemokine MIP-1�, but had no effect on IL-4, IL-12, IFN-�, and IFN-�. SR-B ligands did not alter
expression of these genes. SR-A ligands had no stimulatory effect on functional response in heterophils.
However, LDL, a SR-B ligand stimulated oxidative burst in both heterophils and PBMC. Additionally, results

lved
indicate that SRs are invo

. Introduction

The SR superfamily encompasses eight different subclasses
A–H) of structurally diverse, but evolutionarily conserved cell
urface or secreted proteins (Plüddemann et al., 2007). In mam-
als, myeloid cells (macrophages and dendritic cells) and selected

ndothelial cells are the primary cell types that express these scav-
nger receptor cysteine rich (SRCR) domain-containing proteins
Plüddemann et al., 2007). One of the prominent characteristics
f SRs is their ability to bind a range of extremely diverse lig-
nds, including both Gram-positive and Gram-negative bacteria,
variety of polyanions including the bacterial cell wall compo-

ents lipopolysaccharide (LPS) and lipoteichoic acid (LTA), DNA and
NA oligonucleotides, environmental particles, endogenous and
odified host-derived molecules, and apoptotic cells (Peiser et al.,

002b; Plüddemann et al., 2007). SRs’ binding affinity to micro-

ial molecules and their preferential expression on cells of innate

mmune function strongly suggests an important role of SRs in the
ost immune defense against pathogens. Thus far, SRs have been
hown to participate in the resolution of bacterial infections by

∗ Corresponding author. Tel.: +1 979 260 3771; fax: +1 979 260 9332.
E-mail address: haiqi.he@ars.usda.gov (H. He).

161-5890/$ – see front matter. Published by Elsevier Ltd.
oi:10.1016/j.molimm.2009.04.020
in bacterial binding in macrophages.
Published by Elsevier Ltd.

mediating antimicrobial activity, facilitating phagocytosis of bac-
teria, and clearing bacterium-derived endotoxins from circulation
(Hampton et al., 1991; Dunne et al., 1994; van der Laan et al., 1999;
Thomas et al., 2000; Peiser et al., 2002a; Mukhopadhyay et al.,
2006; Amiel et al., 2007). Exposure of mammalian immune cells
to SR ligands induces immune responses which include production
of nitric oxide (NO) (Campa et al., 2005; Nakamura et al., 2006)
and expression of proinflammatory cytokines TNF-�, IL-1�, IL-6,
IL-18, and IL-12 (Hsu et al., 2001; Mytar et al., 2004; Limmon et
al., 2008; Villwock et al., 2008). Additionally, SRs mediate uptake of
exogenous antigens and actively participate in cross-presentation
of antigen in dendritic cells, indicating that SRs are involved in
development of the adaptive immune response (Delneste, 2004;
Shakushiro et al., 2004; Barth et al., 2008; Harvey et al., 2008).

SRs and their function in the chicken immune system are mostly
unknown. However, an earlier study (Vandaveer et al., 2001) indi-
cated involvement of SR in the differentiation of Th1 immune
response in chickens. In the present study, we profiled chicken SRs
through in silico analysis of chicken genomic/protein database and

examined the immune responses of chicken peripheral blood het-
erophils, PBMC, monocytes, and a chicken macrophage cell line,
HD11, to stimulation with various SR ligands. This is the first report
to identify chicken SRs and their immune function in chicken
immune cells.

http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:haiqi.he@ars.usda.gov
dx.doi.org/10.1016/j.molimm.2009.04.020
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. Materials and methods

.1. In silico search of chicken proteins homologous to human
cavenger receptors

To identify putative SRs in the chicken, all known SR pro-
ein sequences (SR class A–H) and conserved SRCR domain
equences discovered in human, mouse, and Drosophila (SR
lass C) were individually queried against the translated chicken
enomic BLAST databases in GenBank by using the Protein
LAST program with default settings on the NCBI web site
http://www.ncbi.nlm.nih.gov/BLAST/). For all potential hits, the
rotein sequences were further analyzed for the presence of con-
erved SR domain structure and sequence similarity to the human
r mouse equivalents.

.2. Reagents

SR-A ligands: fucoidan, poly(G), and poly(I); SR-B ligands phos-
hatidylserine (Pds) and native LDL; non-SR ligands poly(A) and
oly(C); and media and other reagents used for cell isolation and
ulture were purchased from Sigma (St. Louis, MO, USA).

.3. Cell isolation

Chicken peripheral blood heterophils and mononuclear cells
PBMC) were isolated from peripheral blood collected from 2- or
-day-old chickens as previously described (He et al., 2005). Briefly,
eripheral blood samples were mixed with 1% methylcellulose (1:1,
/v) and centrifuged at 25 × g for 15 min to remove red blood cells.
he supernatants were then carefully layered onto a discontinuous
radient of Histopaque®-1077/1119 (10 ml each) in 50-ml coni-
al centrifuge tubes, and centrifuged at 250 × g for 60 min. The
BMC at the 1.077/supernatant interface and heterophils in the
istopaque®-1119 phase were removed to new tube, collected by
entrifugation, and resuspended in RPMI-1640.

.4. Monocyte culture and stimulation

Monocytes were isolated from PBMC using plastic adhesion (He
t al., 2007). Briefly, aliquots of 200 �l of PBMC (1 × 107 cells/ml)
ontaining 50 �g gentamicin/ml were dispensed to a round-
ottomed 96-well cell culture plate and incubated at room
emperature for 3 h. Non-adherent cells were removed by washing
wice with RPMI-1640 and the adherent monocytes were cul-
ured over night (to obtain quiescent state) in Dulbecco’s modified
agles medium (DMEM) containing 10% chicken serum, antibiotics
100 U penicillin/ml and 100 �g streptomycin/ml), and 1.5 mM l-
lutamine at 41 ◦C in a 5% CO2 and 95% humidity incubator. Prior
o stimulation, the media was replaced with fresh culture medium
o remove any additional detached cells, and cells were then stim-
lated with various agonists for 72 h.

.5. Chicken macrophage cell line HD11 culture and stimulation

The HD11 cells were maintained in complete DMEM medium
escribed as above. For NO production assays, 100-�l aliquots
f 2 × 106 HD11 cell/ml were seeded into each well of 96-well
ound-bottom plates and incubated overnight (16–18 h). Media
as replaced prior to stimulation and cells were stimulated with

arious SR ligands for 24 h in a final volume of 200 �l/well. For

uantitative realtime PCR (QRT-PCR) analysis of cytokine gene
xpression, HD11 cells were seeded at 2 × 106 cell/well in 12-well
lates and incubated overnight. The cells were then stimulated
or 2 h with various SR ligands and harvested for total RNA
solation.
ogy 46 (2009) 2218–2225 2219

2.6. Nitrite assay

Nitrite, a stable metabolite of NO, produced by activated
macrophages was measured by the Griess assay (Green et al.,
1982). Briefly, an aliquot of 100 �l culture supernatant from each
well was transferred to the wells of a new 96-well flat-bottom
plate and combined with 50 �l of 1% sulfanilamide and 50 �l of
0.1% naphthylenediamine (both were prepared in 2.5% phosphoric
acid solution). After 10 min incubation at room temperature, the
nitrite concentration was determined by measuring optical den-
sity (OD550) of each well using a SPECTRA MAX microplate reader
(Molecular Devices, Sunnyvale, CA). Sodium nitrite (Sigma) was
used as a standard to determine nitrite concentrations in the cell-
free medium.

2.7. Oxidative burst assay

Production of reactive oxygen species (ROS) by chicken het-
erophils and peripheral blood mononuclear cells during oxidative
burst was measured by oxidation of 2′,7′-dichlorofluorescin-
diacetate (DCFH-DA) to fluorescent DCF as described (He et al.,
2005). Briefly, chicken heterophils and mononuclear cells (1 ml of
1 × 107 cells/ml in RPMI) were stimulated with various SR ligands
in 2-ml microcentrifuge tubes containing 10 �g/ml of DCFH-DA
for 1 h at 37 ◦C in 5% CO2 and 95% humidity. Cell culture aliquots
(150 �l) were then dispensed to a black 96-well plate and the rel-
ative fluorescent units (RFU) were measured (485/530 nm) using a
fluorescence microplate reader (Genios Plus Plate Reader, TECAN
U.S. Inc., NC, USA). Phorbolmyristate acetate (PMA) stimulated cell
culture was used as the positive control.

2.8. Degranulation assay

Heterophil degranulation was measured by quantifying �-
glucuronidase activity (He et al., 2005) in culture medium following
stimulation of heterophils (8 × 106 ml−1) with SR ligands at 41 ◦C for
60 min on a rocker platform in 5% CO2 and 95% humidity. After incu-
bation, the cells were pelleted by centrifugation at 10,000 × g for
2 min at 4 ◦C and supernatants were collected for the assay. Aliquot
of 25 �l supernatant was incubated with 50 �l of freshly prepared
substrate (10 mM 4-methylumbelliferyl-�-d-glucuronide and 0.1%
Triton X-100 in 0.1 M sodium acetate buffer) in a black 96-well plate
for 4 h at 41 ◦C. The reaction was stopped by adding 200 �l of stop
solution (0.05 M glycine and 5 mM EDTA; pH 10.4) to each well.
Liberated 4-methylumbelliferone was measured fluorometrically
(355/460 nm) using a fluorescence microplate reader.

2.9. QRT-PCR analysis of cytokine gene expression

Total RNA from HD11 cells was isolated using the RNeasy
Mini Kit (Qiagen, Valencia, CA). RNA samples (1 �g each reac-
tion) were DNase treated and reverse transcribed to cDNA using
the QuantiTect® Reverse Transcription Kit (Qiagen). Expressions of
chicken cytokines (Table 1) and a housekeeping gene, glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), were determined by
QRT-PCR using the MX3000P® (Stratagene, La Jolla, CA). Primers
and probes (Table 1) were obtained from Applied Biosystem (Austin,
TX). Primer amplification efficiency was verified for each gene using
2-fold serial dilutions of cDNA. QRT-PCR was performed for each
sample in duplicate in a total volume of 25 �l, consisting of 12.5 �l
Brilliant® II QPCR Master Mix (Stratagene), 0.5 �l ROX reference dye

diluted 1:500, 1.25 �l primer/probe mix (900 nM/250 nM final con-
centrations, respectively), 5.75 �l RNase/DNase-free water, and 5 �l
diluted cDNA (25 ng RNA). All reaction plates were run under iden-
tical cycle conditions, 95 ◦C for 10 min, and 40 cycles of 95 ◦C for 30 s,
60 ◦C for 1 min, and 72 ◦C for 1 min. The florescence threshold was

http://www.ncbi.nlm.nih.gov/BLAST/
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Table 1
QRT-PCR primer and probe sequences.

Name Sequence (5′ → 3′)

GAPDH Probe CTTGGCTGGTTTCTCC-(FAM)
F CCCCAATGTCTCTGTTGTTGAC
R CAGCCTTCACTACCCTCTTGAT

IL-1�a Probe CCA CAC TGC AGC TGG AGG AAG
CC-(FAM)

F GCT CTA CAT GTC GTG TGT GAT GAG
R TGT CGA TGT CCC GCA TGA

IL-4 Probe ACGCAGGAAACCTCTC-(FAM)
F AGCATCCGGATAGTGAATGACATC
R TCTGCAAAGATATCTGTCACGTTCA

IL-6 Probe CTTGCACATCTCGTCCTGC-(FAM)
F ACCGCGCCGTCCAG
R TTCTCGCACACGGTGAACTT

IL-12p40a Probe CTG AAA AGC TAT AAA GAG CCA AGC
AAG ACG TTC T-(FAM)

F TGG GCA AAT GAT ACG GTC AA
R CAG AGT AGT TCT TTG CCT CAC ATT TT

IFN-�a Probe TTA GCA GCC CAC ACA CTC CAA AAC
ACT G-(FAM)

F CCT CCA ACA CCT CTT CAA CAT G
R TGG CGT GTG CGG TCA AT

IFN-�a Probe TGG CCA AGC TCC CGA TGA ACG
A-(FAM)

F GTG AAG AAG GTG AAA GAT ATC ATG
GA

R GCT TTG CGC TGG ATT CTC A

MIP-1� Probe ACCGGTGGGTTCTGAC-(FAM)
F CCTCATTGCCATCTGCTACCA
R CGGGAGATGTAGGTGAAGCA

F

A
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2
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pathogen defense (Mollenhauer et al., 1997; Rosenstiel et al., 2007).
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: forward; R: reverse.
a Primer and probe sequences are kindly provided by Dr. Peter Kaiser, Institute for
nimal Health, Compton, UK.

et at 0.2 and the resulting cycle threshold values (Ct), normalized
o the reference gene, were used for analysis.

.10. Evaluation of bacterial binding activity of macrophage SRs

HD11 cells were seeded at 2 × 106 cells/well in a 96-well plate
nd cultured overnight. To make horseradish peroxidase (HRP)-
abeled Salmonella enteritidis, a primary poultry isolate S. enteritidis,
btained from the National Veterinary Services Laboratory, Ames,
A, was used to prepare formalin-killed S. enteritidis (FKSE) by incu-

ating the bacteria in a 0.5% formalin solution at 4 ◦C for 24 h.
he FKSE was washed three times with PBS to remove the forma-
in and 1 × 108 bacteria was then conjugated with HRP using the
ureLINKTM HRP Conjugation Kit (KLP, Gaithersburg, MD). The com-

able 2
hicken proteins homologous to human SRs.

hicken SRs Class Ref. seq. accession no. Length (aa) Identit

ARCO A NP 990067 476 48
CARA5 A XP 001234366 495 73
RCL A NP 001034688 742 83
CARB1 B XP 415106 503 70
CARB2 B XP 420593 481 70
D36/SCARB3 B NP 001025902 471 72
CARF1 F XP 001234823 778 59
CARF2 F XP 001234051 285c 72
ELE-1 H XP 414246 2209 55

a Compared to human SR sequences.
b CLECT DC-SIGN like: C-type lectin-like domain. Smc: chromosome segregation ATPa

epeat. CD36: CD36 antigen family. EGF-like repeats: epidermal growth factor-like repeat
c Partial sequence.
ogy 46 (2009) 2218–2225

petitive binding assay was carried out by first incubating the cells
with SR ligands for 1 h followed by incubating with HRP-S. enteri-
tidis for 1 h, washing three times with PBST (0.1% Tween in PBS) to
remove unbound HRP-S. enteritidis, and then incubating with HRP
substrate, SIGMAFASTTM OPD (Sigma), for 30 min. The optical den-
sity (OD450) was measured using a SPECTRA MAX microplate reader.

2.11. Data analysis

Values are presented as mean ± SD from at least three inde-
pendent experiments. Statistically significant differences were
determined at the level of P < 0.05 by the Student’s t-test using the
SigmaStat software (Jandel Corp, CA, USA).

3. Results

3.1. In silico profiling chicken scavenger receptors

Many annotated and unannotated chicken proteins homol-
ogous to SRs found in mammals were discovered by searching
translated chicken genomic databases with Protein BLAST program
(http://www.ncbi.nlm.nih.gov/BLAST/) using protein or peptide
sequences of the conserved SRCR domain and individual SR
found in human and mouse (Table 2). These putative chicken
SRs include three members of SR-A: macrophage receptor with
collagenous structure (MARCO), scavenge receptor class A member
5 (SCARA5), and scavenger receptor with C-type lectin (SRCL);
three members of SR-B: SCARB1, SCARB2, and CD36/SCARB3;
two members of SR-F: SCARF1 and partial sequence of SCARF2;
and one SR-H: FELE-1. The database search, however, failed to
identify homologous chicken sequences to human CD68 (SR-D),
LOX-1 (SR-E), and R-PSOX (SR-G). Sequence alignment analy-
sis (http://www.genebee.msu.su/genebee.html) demonstrates
that these chicken putative SRs share high homology with
their human equivalents (Table 2). Additionally, BLAST search
using SRCR domain sequences identified (not included in the
Table 2) many other SRCR domain-containing proteins which
are structurally similar to mammalian CD5 (NP 990525 and
XP 424435), CD6 (XP 424583), and CD163 (XP 416526, XP 421056,
XP 421057, XP 421058, XP 423532, XP 001231760, XP 001231884,
XP 001231940, XP 001233355, XP 001235597, XP 001235815,
XP 001235941, XP 001236120, XP 001236123). Several sequences
(XP 424429, XP 424430, XP 424433) were found to resemble the
protein of Deleted in Malignant Brain Tumors 1 (DMBT-1), which
has been shown to play important roles in tumor suppression and
These SRCR domain-containing proteins are referred to as SRs in the
literature, but they have not been proven to bind modified LDL or
other polyanionic ligands, which typically defines a SR and there-
fore do not belong to the classified SRs (Plüddemann et al., 2007).

y (%)a Conserved domainsb

SRCR, collagen
SRCR
CLECT DC-SIGN like, Smc
CD36
CD36
CD36
EGF-like repeats
EGF-like repeats
Fasciclin, EGF-like, C-type lectin-like hyaluronan-binding link module

ses. SRCR: scavenger receptor cysteine-rich domain. Collagen: collagen triple helix
domains.

http://www.ncbi.nlm.nih.gov/BLAST/
http://www.genebee.msu.su/genebee.html
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Fig. 1. Effect of SR ligands on NO production in chicken macrophage cell line HD11.
C
a
o
(

3

p
s
s
p
L
P
t
p
o
r
c

3
h

n
h
(
t
L
e

3

i
r
f
s
o

3
c

e
I
1
o
s
p
1

affected. Poly(C), a non-SR ligand, was unexpectedly found to also
stimulate, to less extent, the expression of IL-1� and MIP-1�, but
had no effect on IL-6 expression. SR-B ligands showed no effect on
expression of any cytokines or chemokine.
ontrol: unstimulated cells; SR-A ligands: fucoidan, poly(G), and poly(C); SR-B lig-
nds: Pds and LDL; non-SR ligand: poly(C). Data are means and standard deviation
f three individual experiments with asterisk (*) indicating a significant difference
P ≤ 0.05) in NO production between stimulated and unstimulated cells.

.2. Induction of NO in HD11 cells by SR ligands

None of SR ligands tested in the present study induced NO
roduction in chicken monocytes after 72 h incubation (data not
hown). On the contrary, in chicken macrophage HD11 cells, a
ignificant amount of NO was induced by SR-A ligands fucoidan,
oly(G) and poly(I) after 24 h incubation. SR-B ligands Pds and
DL failed to stimulate NO production in HD11 cells (Fig. 1).
oly(C) as a non-SR ligand also did not stimulate NO produc-
ion in HD11 cells. Inductions of NO in HD11 cells by fucoidan,
oly(G), and poly(I) were does-dependent (Fig. 2) with 25 �g/ml
f both poly(G) and poly(I) and more than 50 �g/ml of fucoidan
equired for the maximum NO inductions under the experimental
onditions.

.3. Effect of SR ligands on oxidative burst of peripheral blood
eterophils and PBMC

Chicken heterophils are the avian equivalent to mammalian
eutrophils. We examined oxidative burst response of chicken
eterophils, and additionally peripheral blood mononuclear cells
PBMC), to stimulation with various SR ligands. Our results showed
hat most SR ligands did not induce oxidative burst, except for native
DL, which induced a strong oxidative burst response in both het-
rophils (Fig. 3) and PBMC (Fig. 4).

.4. Effect of SR ligands on degranulation of heterophils

Degranulation is a host inflammatory response to bacterial
nfection, in which granulocytes such as heterophils release bacte-
icidal substances. In this study, none of the tested SR ligands were
ound to stimulate degranulation of chicken heterophils (data not
hown). It is interesting to note that although LDL stimulates strong
xidative burst, it failed to induce a degranulation response.

.5. Induction of cytokine and chemokine expressions in HD11
ells by SR ligands

QRT-PCR was used to evaluate the effect of SR ligands on the
xpression of cytokines, including the proinflammatory cytokines
L-1�, IL6, and IFN-�, Th2 cytokine IL-4, and Th1 cytokines IL-

2 and IFN-� in HD11. In addition to cytokines, the expression
f the chemokine, MIP-1�, was also examined (Fig. 5). After 2 h
timulation, SR-A ligands strongly up-regulated the expression of
roinflammatory cytokines IL-1� and IL-6 and chemokine MIP-
� in HD11 cells, whereas IL-4, IL-12, IFN-�, and IFN-� were not
Fig. 2. Dose-dependent induction of NO in HD11 cells by SR-A ligands fucoidan,
poly(G), and poly(I). Data are means and the standard deviation of three individual
experiments.
Fig. 3. Effect of SR ligands on oxidative burst of chicken heterophils. Control: unstim-
ulated cells; SR-A ligands: fucoidan, poly(G), and poly(C); SR-B ligands: Pds and LDL;
non-SR ligand: poly(C). PMA treated cell group was used as a positive control. Data
are means and standard deviation of three individual experiments with asterisk (*)
indicating a significant difference (P ≤ 0.05) in oxidative burst between stimulated
and unstimulated cells.
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Fig. 4. Effect of SR ligands on oxidative burst of PBMC. Control: unstimulated cells;
SR-A ligands: fucoidan, poly(G), and poly(C); SR-B ligands: Pds and LDL; non-SR
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igand: poly(C). PMA treated cell group was used as a positive control. Data are
eans and standard deviation of three individual experiments with asterisk (*) indi-

ating a significant difference (P ≤ 0.05) in oxidative burst between stimulated and
nstimulated cells.

.6. Effect of SR ligands on macrophage binding of bacteria

SRs are known to engage in binding and uptake of bacteria by
acrophage cells. This function of SRs was examined by ligand com-

etition assay, in which the inhibitory effects of preincubation of
D11 cells with SR ligands on subsequent bacterial binding capacity
f the cells were examined. Our results show that most SR ligands,
xcept for Pds, competitively reduced the binding capacity of HD11
ells for HRP-S. enteritidis (Fig. 6). Poly(C) also reduced bacterial
inding of HD11 cells. However, preincubation with another non-RS

igand, poly(A), did not reduce the binding activity of HD11 cells.

. Discussion

In this study, with the available chicken genomic sequence
atabase, we have identified and analyzed many putative protein
equences that share a high degree of homology to SRs found
n mammals, including MARCO, SCARA5, SRCL, SCARB1, SCARB2,
D36/SCARB3, CD163, SCARF1, SCARF2, and FELE-1, belonging to
R class A, B, F, and H. The fact that these identified chicken SRs
hare high degree of homology with their mammalian counterparts
ndicates a high probability of functional conservation in chicken
Rs. However, the database search failed to find sequences simi-
ar to mammalian SR class D (CD68E), E (LOX-1), and G (R-PSOX).
lthough the specific function of a particular chicken SR remains

o be determined, profiling chicken putative SRs from the genomic
atabase in the present study provides fundamental information
hat is useful for future study of chicken SRs and their function in
he avian immune system.

Production of NO by activated monocytes/macrophages is an
mportant innate immune response, playing a critical role in the
ost defense against both viral and bacterial infections (Bogdan,
001; Chakravortty and Hensel, 2003). Previous studies (He et al.,
006a,b, 2007) have shown chicken primary monocytes produce

arge quantities of NO when exposed to bacteria, such as Salmonella,
r when stimulated by PAMPs, particularly CpG oligodeoxydinu-
leotides which is the agonist for mammalian TLR9. In the present
tudy, none of the SR-A ligands examined were able to induce
O production in chicken monocytes. However, it appears that
aturation or differentiation of monocytes into macrophages is
equired for SR-A ligands to induce NO production, as the avian
acrophage HD11 cells produce NO in response to AR-A ligand

timulation. The lack of NO production in immature primary mono-
ytes in response to SR-A ligand stimulation is most likely due to
he lack of expression of functional SR-A on the monocytes. SR-A
ogy 46 (2009) 2218–2225

receptors are only expressed on macrophages and dendritic cells,
but not monocytes or neutrophils in mammalian species (Peiser
et al., 2002b). Our result suggests the evolutionary conservation
of the cell-type specific distribution of SRs among species. The
chicken HD11 cell is a replication-defective avian leukemia virus
MC29-transformed macrophage-like cell line with characteristics
of normal macrophages (Beug et al., 1979). The HD11 cells have
been shown to readily produce a significant amount of NO when
stimulated with TLR agonists LPS, poly I:C, and CpG DNA (He and
Kogut, 2003; He et al., 2007) and agonists that do not induce NO
in monocytes, such as flagellin, poly I:C, and synthetic lipoprotein
Pam3CSK4 (unpublished data). In the present study, HD11 cells
showed differential responses to SR ligand stimulation, exhibit-
ing dose-dependent NO production only responding to SR-A, but
not to SR-B ligands. These results clearly indicate the expression of
functional SR-A on HD11 cells and the involvement of these recep-
tors in the innate immune function of chicken macrophages, which
is in line with previous studies of mammalian macrophage cells
(Campa et al., 2005; Nakamura et al., 2006). Although macrophages
are known to express SR-B (Peiser et al., 2002b), ligands of SR-B
have an inhibitory effect on iNOS, as shown in mouse peritoneal
macrophages stimulated with LPS (Matsuno et al., 1997). On the
other hand, the SR-B ligand HDL, but not LDL, mediates activation
of eNOS in endothelial cells (Mineo and Shaul, 2003). SR-Bs, serv-
ing primarily as lipid scavengers with a high affinity for both native
and oxidized HDL and LDL play a critical role in the lipoprotein
and cholesterol metabolism and protection against coronary heart
disease (Gu et al., 2000; Gillotte-Taylor et al., 2001; Eckhardt et
al., 2004; Trigatti et al., 2004). These observations strongly sug-
gest the possibility that induction of NO by SR-B ligands is both
ligand-specific and cell-type dependent. In the present study, both
SR-B ligands LDL and Pds have failed to stimulate NO in HD11 cells,
indicating that unlike class-A SRs, class-B SRs may not mediate
inflammatory immune response in the chicken macrophage cells.

In mammalian immune cells, exposure to ligands of SRs has
been known to stimulate expression of proinflammatory cytokines
TNF-�, IL-1�, IL-6, IL-18, and IL-12 (Hsu et al., 2001; Mytar et
al., 2004; Limmon et al., 2008; Villwock et al., 2008). Our results
indicated differential effects of SR ligands on expression of these
immune regulators in the chicken macrophage HD11. SR-A lig-
ands induced a strong up-regulation of proinflammatory cytokine
IL-1� and IL-6 and chemokine MIP-1�; whereas little effect was
observed on the expression of IL-4, IL-12, IFN-�, and IFN-�. Induced
cytokine expression profile indicates that the class-A SRs promote
primarily inflammatory immune response in chicken macrophages,
which is in agreement with previous reports on the mammalian
macrophages (Hsu et al., 2001; Mytar et al., 2004). The strong
inflammatory immune response mediated by SR-A in chicken
macrophages suggests SR-A has a role in the host immune response
at the site of injury or infection. Similar to NO, SR-B ligands
did not alter the expression of any of these genes. In contrast
to human monocytes and macrophages where LDL stimulates
increased expression of IL-12 (Mytar et al., 2004), this ligand has
little effect on chicken macrophages. Poly(C), a non-SR ligand, has
no effect on NO production and IL-6 expression, but was unexpect-
edly found to stimulate, though to a lesser degree, the expressions
of IL-1� and MIP-1�. This suggests that, unlike mammalian SR-A,
chicken SR-A may be able to loosely interact with poly(C).

SRs are known to play an important role in binding, uptake,
and phagocytosis of bacteria by macrophages (Peiser et al., 2002b;
Mukhopadhyay et al., 2006; Plüddemann et al., 2006). The bac-

terial binding activity of SRs in HD11 cells was evaluated by a
96-well microplate based ligand competitive binding colorimetric
assay that measures the percentage inhibition of SR ligand pre-
treatments on the binding capacity of HD11 cells to horseradish
peroxidase HRP-labeled S. enteritidis. Most SR ligands, except for
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ig. 5. Induction of cytokine and chemokine expressions in HD11 cells by SR ligand
nd LDL; non-SR ligand: PC [poly(C)]. Data are means and standard deviation of two
n cytokine or chemokine expression (fold-change in mRNA levels) between stimula

ds, competitively reduced the binding capacity of HD11 cells for
RP-S. enteritidis. While poly(C) also reduced bacterial binding of
D11 cells, preincubation with another non-RS ligand, poly(A), did
ot reduce the binding activity of HD11 cells. These results indi-
ate that chicken SRs are involved in binding and phagocytosis of
he Gram-negative S. enteritidis. The reduction in bacterial binding
apacity after ligand-ligation of SRs confirms that SRs constitute an
mportant part of receptor complex that are involved in the bacterial
inding and uptake by macrophages.
Heterophil oxidative burst and degranulation activities are
mportant bactericidal mechanisms of the cellular immune
esponses that play a critical role in the innate immune
efense against invading pathogens in chickens (Kogut et al.,
995). Although SRs are restrictively expressed in myeloid cells
trol: C; SR-A ligands: Fu (fucoidan), PG [poly(G)], and PI [poly(I)]; SR-B ligands: Pds
sentative experiments with asterisk (*) indicating a significant difference (P ≤ 0.05)
nd unstimulated cells.

(macrophages and dendritic cells) and certain endothelial cells
(Peiser et al., 2002b; Plüddemann et al., 2006), we examined
oxidative burst and degranulation activities to determine whether
chicken heterophils respond to SR ligand stimulation. As antic-
ipated, most SRs showed no stimulatory effect on heterophil
oxidative burst and degranulation, with the exception of the SR-
B ligand, LDL, which induced a strong oxidative burst reaction in
both heterophils and PBMC. Human neutrophils and lymphocytes
are known to express a LDL receptor which mediates LDL induce

oxidative burst (Bonneau et al., 1994; Lara et al., 1997; De Sanctis et
al., 1998). Although, the physiological role of the LDL receptor is to
maintain homeostatic blood cholesterol by removing cholesterol-
containing lipoprotein particles from circulation (Defesche, 2004),
LDL receptor mediated oxidative burst in neutrophils implies the
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Fig. 6. Effect of SR ligand pretreatments on HD11 macrophage phagocytosis/binding
of HRP-S. enteritidis. Control: untreated cells; SR-A ligands: fucoidan, poly(G), and
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oly(C); SR-B ligands: Pds and LDL; non-SR ligands: poly(C) and poly(A). Data are
eans and standard deviation of three individual experiments with asterisk (*) indi-

ating a significant difference (P ≤ 0.05) in the relative binding capacity (%) between
igand-treated and untreated (control) cells.

otential involvement of these cells in oxidation of LDL under the
hysiological condition and pathogenesis of vascular endothelial
ysfunction (Holvoet, 1999). It is interesting to note that human-
erived LDL induced a strong oxidative burst response in chicken
eterophils. We believe that LDL induced oxidative burst in chicken
eterophils is mediated by the LDL receptor, since heterophils are
he chicken equivalent to mammalian neutrophils. However, the
hysiological significance of this finding requires future investiga-
ion.

In summary, our study has identified many annotated or unan-
otated chicken homologues to mammalian SRs through searching
f the translated chicken genomic databases. Using SR ligands, we
emonstrated that the A class SRs, but not the B class SRs, medi-
ted strong proinflammatory immune responses in the chicken
acrophage cell line HD11, including NO production and expression

f cytokines IL-1� and IL-6 and chemokine MIP-1�. Additionally,
oth SR-A and SR-B were shown to be involve in the bacterial bind-

ng activity of chicken macrophage cells. We also found LDL to be a
otent stimulant for chicken heterophil oxidative burst, which we
elieve is mediated by the LDL receptor.
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